~ AD=AQ43 756 ARMY RESEARCH INST OF ENVIRONMENTAL MEDICINE NATICK MASS F/G6 6/19
P A RAT MODEL OF ACUTE HEATSTROKE MORTALITY:(U)
; SEP 76 R W HUBBARD» W D BOWERS: W T MATTHEW
UNCLASSIFIED USARIEM-M=9/7T

END
DATE
FILMED

9-77

nDe




||||| .0 k= =
= . Iz

.| “ 12
s .

i2s e e




~
e

»—

fJ No

ADAGA43756

0OG FILE COPY!

4w

REPORT NO_M 9/7T_

RAT MODEL OF ACUTE HEATSTROKE MORTALITY

U S ARMY RESEARCH INSTITUTE
OF
ENVIRONMENTAL MEDICINE

Natick, Massachusetts

July 1976

UNITED STATES ARMY
MEDICAL RESEARCH & DEVELOPMENT COMMAND




t to be construed as an official
ignated by other authorized

The findings in this report are no
Department of the Army positionm, unless so des

documents.

PDC AVAILABILITY NOTICE
Qualified requesters may obtain copies of this report from Commander,

Defense Documentation Center (DDC) (formerly ASTIA), Cameron Station,

Alexandria, Virginia 22314.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed.
Do not return to the originator.

o s

o STT




e : : i (ORI Y “i .
o) S e = S PUSSUSPRTSY

" “.M
UGLCLASSEFIED
S.__C.l?;'.'TY (=] .ASSI::l-C:TI'lC.‘l OF THi. r‘XC |"-V—.‘|_v-n Dato Entor>d) ( (
g o - - N = REEAD INSTRUCTIONS o
e REFORT DOCUMENTATIOH PAGE BEFORE COMPLETING FORM
'_l‘f—th‘O.‘('r NUMB3 R 2. GOVY ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
M 9/7T {7/
4. TITLE fend Sudt!tle) . » . LS. TYPE OF_HL:PORT & PERIOD COVERED
A Rat Model of Acute Heatstroke Mortality - 4+
' - /
i 4
/ ' ‘6. PERFORMING ORG. REPORT NUMBER
7. AUTHOR(2) 8. CONTRACT OR GHRANT NUMBER(#)
| R.W.Hubbard, F.C.Curtis J.W.Ratteree
] W.D. Bowers, R.E.L.Criss
3 W.T.Matthew, G.M.Sheldon
4 3= PR BRNING ORGANIZATION NAME AND ADDRESS 10. PHHOGRAM ELEMENT, PROJECT, TASK
' . o - - AREA & YWORK UNIT NUMBERS
U.S.Army Research Institute of Environmental 1 4
| Medicine, Watick, MA 01760 3A161102B71R T4362104
{ s
: 11, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE {
j ; ' 1 July 1976 |~
| U.S. Army Medical Research & Development Command 3 .
: - HUMBER OF PAGES jy sy
Washington, DC 20314 21 T
o r" P
15, MONITORING AGENCY NAME & ADORESS({f different froin Controlling Ofiice) 15. SECURITY CLASS."(of thla report)
Unclassified
Same
‘. 158, DECLASSIFICATION/ DOWNGRADING
i SCHEDULE ;
1 15. DISTRIBUTION STATEMENT (of this Report) |
! ]
| .

Distribution of this document is unlimited. |

17. DISTRIBUTION STATEMENT (of the abatract eatered in Block 20, I ¢!ffcreat from Report)

NA

18. SUPPLEMENTARY NOTES

NA

19. KEY WOROS (Certinuo on reverse side if necessary and ldentlly by block number)

\ rat model, acute heatstroke, heatstroke mortality, hyperthermia, hecatstroke
i predisposition, heatstroke cooling rate, degree-minutes.

T3 ADSTRACT (Conttius on rovezse sids If necessary and Identily by block nimber)

A total of 252 untrained, unacclimatized and unanesthetized laboratory rats

! weighing betuveen 485-545 g were fasted and either run to exhaustion at

5, 20, 23, or 26 C or were restrained and heated at an ambient temperature

of 41.5°C. The incidence of mortality associated with a wide range of work-

induced hyperthermias was compared to the lethality of cquivalent heat loads

| in the absence of physical effort. The severity of h)’l’('rtharmin was calculate
in degree-minutes above a baseline core temperature of 40.4 C. The LD 25's




e

A o

of run versus restrained rats were 16.8 and. 30.1 dgrgb-mr“utcs, respectively.
Survivors had a faster cooling rate than fatalities, but run survivors had
a slower cooling rate than heated survivors. Results indicate that: 1) both
the incidence of mortality and the survival time can be predicted from the
severity of core heating, 2) work-related factors contribute to an increased
raite of heatstroke death at low thermal loads, and 3) retrospectively, both
heat-sensitive and heat-resistant individuals were identified.

e

‘
.
1

\

a

F
\
SO
L e S

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date




Rat model of acute heatstroke mortality

R. W. HUBBARD, W. D. BOWERS, W. T. MATTHEW, F. C. CURTIS,
R. E. L. CRISS, G. M. SHELDON, AND J. W. RATTEREE
U.S. Army Research Institute of Environmental Medicine, Natick, Massachusetts 01760

Hussarp, R. W., W. D. Bowers, W. T. MatTHEW, F. C.
Curris, R. E. L. Criss, G. M. SHELDON, AND J. W. RATTEREE.
Rat model of acute heatstroke mortalitv. J. Appl. Physiol.:
Respirat. Environ. Exercise Physiol. 42(6): 809-816, 1977. — A
total of 252 untrained, unacclimatized, and unanesthetized
laboratory rats weighing between 485 and 545 g were fasted
and either run to exhaustion at 5, 20, 23, or 26°C or were
restrained and heated at an ambient temperature of 41.5°C.
The incidence of mortali'y associated with a wide range of
work-induced hyperthermias was compared to the lethality of
equivalent heat ioads in the absence of physical effort. The
severity of hyperthermia was calculated in degree-minutes
above a base-line core temperature of 40.4°C. The LD.;'s of
run-exhausted versus restrained-heated rats were 16.8 and
30.1 deg-min, respectively. Survivors had a faster cooling rate
than fatalities, but run-exhausted survivors had a slower cool-
ing rate than restrained-heated survivors. Results indicate
that 1) both the incidence of mortality and the survival time
can be predicted from the severity of core heating, 2) work-
related factors contribute to an increased rate of heatstroke
death at low thermal loads, and 3) retrospectively, both heat-
sensitive and heat-resistant groups were identified.

hyperthermia; heatstroke predisposition; heatstroke cooling
rate; degree-minutes

HISTORICALLY, THERE HAVE BEEN two opposing views
regarding the pathophysiology of heatstroke (2, 3, 10,
11, 15, 27, 35, 36). The classical work and concept is
generally attributed to Malamud et al. (26) who sug-
gested that heat induced direct thermal injury to a
target tissue, i.e., the thermoregulatory centers of the
brain, which resulted in a failure of sweating and ther-
moregulatory control, and shock. This hypothesis was
at variance with the earlier proposal of Adolph and
Fulton (2), who believed heatstroke to be the result of
circulatory failure also leading to shock. Thus, the
breakdown in the heat regulatory mechanism and the
clinical manifestations (9, 12) have been attributed to
both central and peripheral mechanisms. With either
hypothesis, shock was the critical end point.

Although Malamud's attempts to demonstrate struc-
tural changes in the portions of the hypothalamus con-
cerned with temperature regulation were unsuccessful,
evidence of acute circulatory failure, such as hemor-
rhage, edema, and vascular engorgement, was observed
in virtually all cases regardless of the duration of illness
(26). Death within 24 h occurred in approximately 70%
of the cases and the presence or absence of shock was the
best prognostic index since the outcome usually de-
pended on this factor (26).

The uncertainty surrounding the central or periph-
eral causes of heatstroke (neural versus cardiovascular)
is evident in the following statement by Leithead and
Lind (24): “The primary physiological failure in an un-
acclimatized man suddenly exposed to high heat stress
probably lies in the failure of the sweating mechanism.
But it is also true that in such conditions any heat
disorder that develops is most frequently cardiovascular
in origin.” In a recent review, Knochel (18) has reem-
phasized the concept that hard work in a hot environ-
ment may lead to a serious deficit of effective arterial
volume and profound shock would occur were it not for
intense splanchnic vasoconstriction. Others have shown
that cutaneous blood flow decreases drastically as ex-
haustion appears during exercise in the heat (6). The
diminution of cutaneous blood flow with exhaustive ex-
ercise in the heat jeopardizes the ability to dissipate
heat from the skin. For example, just prior to exhaus-
tion, running rats display a drastic drop in tail tempera-
ture that coincides with an explosive rise in core tem-
perature (17). A spiraling increase in rectal tempera-
ture during prolonged physical effort has been observed
in humans with both high (19) and low (1) physical
performance characteristics. This could be attributed
largely to a marked reduction in cutaneous blood flow
probably reflecting cardiovascular overload from the
combined muscular and thermoregulatory blood flow
demands, coupled with the effects of progressive dehy-
dration.

However, the extent to which direct thermal injury to
tissue and circulatory collapse combine to produce fatal
heatstroke shock can be determined. If direct thermal
injury to tissue is the primary factor in the pathogenesis
of heatstroke shock, then the work-induced hyperther-
mia of running rats should not be more lethal than
equivalent heat loads in the absence of physical effort.
For this reason, the mortality associated with a wide
range of thermal exposures, produced by either work at
20-26°C or sedentary exposure to 41.5°C, was measured
in a large number of laboratory rats.

MATERIALS AND METHODS

Experimental animals. Male Sprague-Dawley rats
(Charles River CD strain) of equivalent ages were caged
individually in an environmental chamber maintained
at 26°C and 49 + 17% relative humidity. The air in this
chamber (13 x 11 x 6 ft) was replaced at a rate equiva-
lent to 1.4 room volumes per hour. All rats were fed a
diet of Purina chow and water ad libitum. Rats with
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prefast body weights between 485 and 545 g were fasted
18-24 h before use.

Experimental stress. Animals were either exercised to
exhaustion at one of four ambient temperatures (5, 20,
23, or 26°C) or were restrained in an appropriate sized
wire cage which was placed in a small environmental
chamber, set at 41.5°C ambient, until their core temper-
atures reached a preselected end point. The motor-
driven treadmill was similar to the one described by
Pattengale and Holloszy (28). Rats ran up a 6° incline at
11 m/min but were allowed a 2-min rest period after 20
and 40 min of work. Exhaustion was achieved under a
shock-avoidance contingency. It was defined as that
point at which rats could not keep pace, and when
placed on their backs would not right themselves.

Temperature measurement. Core temperatures (rec-
tal probe inserted 6.5 cm) were measured using copper/
constantan thermocouples in conjunction with a ther-
mocouple reference oven (Acromag model 340) and a 10-
channel data acquisition system (Esterline-Angus
model D-2020) with a teletype printout. After reaching
exhaustion or a predetermined core temperature, all
rats were monitored at 26°C ambient while resting in
plastic cages lined with wood shavings. After recovery,
animals were returned to their cages (26°C) and allowed
water but no food for 24 h.
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Calculations. The LD, was estimated by the method
of Reed and Muench (39) and the standard error by the
procedure of Pizzi (39). Significance testing was carried
out by using the Student ¢-test. P values ~0.05 are
omitted from the tables. Work done was calculated from
the formula

kg-m = body wt (kg) x running time (min) x treadmill
speed (m/min) x inclination of treadmill (sin)

Core temperature was measured at 6 minute intervals
and thermal area was calculated when core tempera-
ture exceeded 40.4°C using the formula

thermal area (deg-min) =~ X time interval (min) x '
|°C above 40.4°C at start of interval + °C above 40.4°C at
end of interval |

RESULTS

The severity of hyperthermia was calculated as an
area in degree-minutes above a base-line core tempera-
ture of 40.4°C. This base line represents the minimum
observed core temperature of exhausted rats which pro-
duced death within 24 h (16). The relationship between
the severity of hyperthermia and rat survivability is
depicted in Fig. 1. This histogram represents the results

L] | ]

RATS SURVIVING MORE THAN
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RATS DYING WITHIN
24 NRS
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¥iG. 1. Relationship between severity of hyperthermia measured
in degree-minutes and rat survivability. Rats were either run to
exhaustion at 5, 20, 23, or 26°C or passively heated while restrained
at an ambient of 41.5°C. After running or heating, rats were removed

100 120 140 160 180

(DEGREES X MINUTES)

to a recovery chamber at 26 C amhient. Water, but not food, was
supplied ad libitum after the core temperature returned to below
404 C




RAT HEATSTROKE

from 252 rats either run to exhaustion at 5, 20, 23, or
26°C or passively heated while restrained at an ambient
of 41.5°C. A number of observations should be noted: 1)
mortalities occurred following exhaustive work over the
entire range of individual hyperthermias from baseline
levels to 185 deg-min, 2) with passive heating, mortali-
ties were not observed below a thermal area of 20 deg-
min, and 3) no rat enduring a thermal area above 125
deg-min survived.

The data from Fig. 1, when plotted as percent mortal-
ity versus hyperthermic area, generated the two dose-
response curves seen in Fig. 2. These curves demon-
strate a) a continuum of increasing incidence of death
with increasing severity of hyperthermia, i.e., the exis-
tence within this population of both heat-sensitive and
heat-resistant animals (for example, there is an appar-
ent 14-fold difference in heat tolerance between an ex-
hausted animal that succumbs to a 5-deg-min exposure
and one that survives over 120 deg-min of hyperthermia
(Fig. 1)); b) a dissociation of the effects of heat plus work
from the effects of heat alone, i.e., an experimental
demonstration that the hyperthermia induced by work-
ing to exhaustion can be lethal to some individuals
while enduring an equivalent heat load at rest is not;
and ¢) an objective method of classifying the severity of
hyperthermia based upon the incidence of mortality
within the total population. Thus, each animal was
retrospectively assigned to one of five groups (Table 1)
whose limits were described by intervals in degree-
minutes along the dose-response curve: 1) LD,.,;, 2)
LDy; 50, 3) LDjy 75, 4) LDz5 4, and 5) LDy, 100- The LDy,
was chosen as a limit because it represents a) the point
where the two dose-response curves converge (Fig. 2)
and b) the approximate midpoint in the total range of
thermal exposures. This classification makes it possible
to compare 1) groups of run-exhausted and restrained-
heated rats whose reaction to experimental treatment
resulted in a similar probability of death and 2) to
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compare survivors versus fatalities over a wide range of
thermal exposures.

The results in Table 1 contrast the resolution
achieved between groups by measuring either the inten-
sity or duration of hyperthermia compared to the mea-
surement of hyperthermic area in degree-minutes. As
formerly reported (16), the significant differences be-
tween the temperatures at exhaustion of groups 1-5
reflect the continuum of increased mortality with in-
creased core temperature at exhaustion. The average
work done by the rats in groups 1-4 was similar and
only slightly less than that achieved by group 5. The
total work done by the run-exhausted rats is thus a
constant contributing factor up to a 95% incidence of

TABLE 1. Comparison of heatstroke risk
factors based on incidence of mortality

Total Time

EOR EOH - Inter
4155 5 Above n"“‘m':‘ (",h"“ vals in
°C Work L 40.4°C, min “ Mor
Group = Done, = . — ~ tahty*
kg-m along
R H R H R H DR
Curves
1 4114 32 417 201 34 7.2t 174 0-25%
+0.4 =17 <03 +12 + 18 <60 <66
(21§ 29
2 41.5%¢ 30 421 W 501 21.5%% 35.21 25 50%
<03 <10 +0.2 +28 + 38 <18 +3.1
(16) (15
3 41.81¢ 29 422 48 55 31.2%¢ 44 51 50 75%
<03 10 0.2 29 +22 <48 <36
(BE) (18)
4 42,04 29 42.2 50 62 48 81 56 61 ThoMe
0.4 &7 +0.2 + 14 +35 “R4 +3.9
(22) (14
5 423¢ 37 424 87t 991 97.24¢ 110 8¢ 95 100
+0.5 13 =0.1 + 39 « 46 <336 <330

“m 34

Values are means + SD; no of rats per group are given in parentheses EOR T and
EOH T, = core temperature at end of running or heating, respectively R
rats; H - restrained-heated rats *Run and heated groups were denved from corre
sponding segments of two dose-response curves of the percent mortahity vs thermal
P <005 Rvs H 3 < 824 of the

142 run anmimals had total areas equal to 0 and were excluded from these groups

run exhausted

area 005 between mean and mean above it

100 = ﬁ.:_—‘w' v
/07,
°
7]
= 8op- /
g :
.
z n LD, LDy, LR,
< .
~ ¢ RUN 141 168 246 372
z 60 F 116 ¥l 20 Dose-response curves of per
z cent mortality within 24 h versus the
9 9 "
: ® HEATED B 30 3": VS severity of core hn';lllllg m «h-urm- min
4 utes  (Section of the curve from 160 to
> 185 degree-minutes not shown ' See
2 s legend Fig 1 Values inansert repre
: sent mean + SE
o
i
* 0= /
- - - | I 1 L 1
0 20 40 60 80 100 120 140

TOTAL AREA ABOVE 40.4 °C

( DEGREES X MINUTES )
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mortality. In contrast to the run-exhausted animals, the
lack of significant differences in core temperatures be-
tween heated groups 2 and 3, as well as groups 3 and 4,
indicates the limited usefulness of this criterion for
predicting the incidence of mortality with sedentary,
heated animals. Furthermore, the total time the core
temperature remains elevated above 40.4°C has even
less usefulness in predicting death within 24 h. In only
one case (group 1), does the duration of temperature
elevation distinguish between run-exhausted and re-
strained-heated rats. In contrast to either the duration
or intensity of body heating considered singly, the se-
verity of core heating measured as a hyperthermic area
in degree-minutes above a baseline core temperature of
40.4°C clearly defines the increased heat stress (group I
vs. group 2, ete.) associated with the increased mortal-
ity in both run-exhausted and restrained-heated rats.
Moreover, within each mortality range (groups 1 and 2,
etc.), hyperthermic area analysis will differentiate be-
tween run-exhausted and restrained-heated rats. It
should also be noted that both the run-exhausted and
restrained-heated animals in group 5 were exposed to
double the amount of body heating received by group 4.

In contrast to Table 1 which describes the entire
heating and cooling curve, Table 2 contains the data
separating the whole curve into two parts with the end
of running (EOR) or heating (EOH) as the midpoints.
The EOR represents the point of exhaustion and the
EOH, the end of heating producing a range in core
temperatures from 41.4 to 42.6°C. Within both run-
exhausted and restrained-heated groups 1-4, the two
halves of each area were nearly identical. In both run-
exhausted and restrained-heated group 5, the cooling
area was significantly greater than the heating area. In
spite of this, the heating areas as a mean percentage of
the total areas for run-exhausted or restrained-heated
groups 1-5 were 49 + 8 and 46 + 3%, respectively. This
indicates that a) in general, the heating and cooling
portions of the total hyperthermic curve are nearly
equal under these conditions and b) significant heat

HUBBARD ET AL.

injury can occur after exhaustion and/or withdrawal
from the heat.

In both the running and heating experiments, groups
I and 5 represent extreme positions along the contin-
uum from low to high thermal exposures. By contrast-
ing the restrained-heated groups 1-5, the following
trends were evident: both the heating and cooling times
were longer in groups with greater thermal area. As a
result, heating and cooling rates were the slowest in the
group with the highest thermal exposure (group 5). On
the other hand, the individual variability in the shape
of the heating curves for run-exhausted rats masked
any trend in running time or heating rates with in-
creased thermal area. Run-exhausted rats in group 5,
however, had significantly longer cooling times and
slower cooling rates than group 1. Both the run-ex-
hausted and restrained-heated animals of group 5 had
identical cooling times and rates. These groups, there-
fore, represent a point where the effects of high thermal
stress appear to make the response of both run-ex-
hausted and restrained-heated rats similar.

The relationship between core temperature, cooling
rate and survival for the combined groups 1-5 is shown
in Table 3. In confirmation of previous results (17),
when all run-exhausted survivors and fatalities are sep-
arately pooled into two large groups which include a
wide range of core temperatures, the fatalities have a
higher core temperature at exhaustion than survivors.
As indicated by Fig. 3, however, this distinction disap-
pears when one compares the core temperatures of both
survivors and fatalities within a narrow range of ther-
mal exposure. In 9 of 10 cases within these prescribed
intervals, neither the intensity of hyperthermia (Fig. 3)
nor the hyperthermic area in degree-minutes (not
shown) will distinguish between potential survivors and
fatalities. These results appear in contradiction to the
data in Table 3. However, there are two explanations for
this: @) the means presented in Fig. 3 are isolated ac-
cording to narrow ranges in thermal exposure (this
eliminates the grosser comparison of all survivors with

TABLE 2. Comparison of heating and cooling times, rates and areas based on incidence of mortality

Run-Exhausted Rats

EOR to

Group ““ Mortahty . v 404 C o \ e
‘ :I(nln "?f\‘m( ,F'”R‘ "l::k"‘. :“!n
deg-min thin
1 0-25 57* 0.07* 4.0* 3.1* 11 e
+ 30 +0.04 +3.9 +3.3 £¥
20
2 25-50 HR* 0.07* 11.8*% .87 26+
+19 «0.03 +3.0 +3.7 31
(16
3 50-75 50 0.08 15.6* 15.6* 234
+16 «0.03 +5.9 +5.9 +7
19
1 759 50 0.07* 22.4 26 .4 291
*12 <003 98 +10.2 12
22)
5 94100 65 629 51%

0.07 35.¢
+23 «0.03 2
40

+29.2 + 36

Values are means

group, 7 -+ 0.05 Significantly different from group 1, P+ 0.05

« SDino. of rats per group are given in parentheses. RT
cooling rate at 26 C ambient measured during 30-min period post-EOR or -EOH

Restramed-Heated Rats

CR.C HT, e SR or CR, *C
min min min du-‘u “”‘" deg "“;‘ min min
0.05* 34 0.14 .8 9.6 20 0.08

+0.02 +10 +0.04 +4.1 +4.2 +13 + (4

(29)
0.05 40 0.12 16.4: 18 8¢ 31 0.06

+0.02 +8 <0.03 5.1 £6.1 + 38 «0.02

15
0.06 487 0.10° 22.1% 22 .47 31 007
+0.02 « 14 +0.03 7.6 7.4 2 003
(181
0.05 49 0.10¢ 27.8 285 31 0.05
+0.03 + 14 +0.03 10.5 +10.1 +28 <003
i14)
0.03" e 0.09 159 71 52 0.03
003 + 50 008 27.9 36 003
34

running time; HT - heating time; CT - cooling time, CR
*Values for run group significantly different from heoted
Heating area significantly different from cooling arca, P - 0
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all fatalities which effectively masks the existence of hausted survivors had a slower cooling rate than re-
both heat-sensitive and heat resistant individuals); and strained-heated survivors.

b) the dose-response curves of core temperature or hy- Finally, Table 4 indicates approximately when the
perthermic area versus percent mortality indicate only animals died as the mortality rate increased with in-
the probability of death but not who will succumb. creasingly severe thermal exposures (groups 1-5).

The cooling rate, measured during the first 30 min of Within run-exhausted groups 1, less than 20% of the
recovery, was more selective than core temperature (Ta- fatalities occurred before the core temperature returned
ble 3). Survivors, in restrained-heated groups 1-3 and to 40.4°C and the greater majority occurred overnight.
in run-exhausted group 5, had significantly faster cool- In run-exhausted group 5, however, 70% of the animals
ing rates than fatalities (not shown). The mean cooling died during prolonged or secondary hyperthermia and
rates for the survivors and fatalities in the combined unassisted cooling at 26°C was completely ineffective.
groups 1-5 are shown in Table 3. Survivors, in general, Essentially the same pattern was observed in re-
had a faster cooling rate than fatalities; but run-ex- strained-heated rats with group 4 being a transitional

y stage.
TABLE 3. Relationship between core temperature,
cooling rate, and survival of run and heated rats
EORT. C  EOHT, ¢ Cooling Rate. "¢ min TABLE 4. Change in pattern of survival time with in-
Group . ' y
Run Heated Run Heated creasing thermal stress
1-5 41.6% 41.8 0.06* 0.08 | | ‘ ‘ [ |
Survivors +0.6 0.4 «0.02 +0.02 Run.*| Total | Died! |Dieds | Died$ L Total [ Med | Dhed | ““f’
5 i Group| deg: | Fatali-| Pre- | Post. | Over- | Heated Mg o il pre. | post- | OVer
42 (44) (36) . (44) ] min | ties, n | BL, % BL % | “',“h“; deg-min | ties, n| BL, % | BL % | night
1-5 42.0% 42 34 0.047 0.047 | jlat 0L ’ | 1 | | %
Fatalities 0.6 +0.2 +0.03 +0.03 1 7 7| 14 57 | 29 U (e 25 0 5
(76) (66) (67) (64) . 2 22 5 | 20 20 | 60 < 0 24 71
. - : E 1 31 14 14 6 | 50 4 1 2 a { 33 67
Values are means + SD: no. of rats per group are given in 4 19 |1 | e o T I R R e 37
parentheses. EOR and EOH refer to end of running and end of 5 a7 | 66 l 17 l 17 m \ 32 \ 66 | 25 | 9

ating sspectivelv. O 4 & 3 § 2“‘1 e S meas 3 S
heating, respectively. Cooling rate at 26°C ambient is measured *Hyperthermic area in degreeminutes above a core temperature of 404 (

- g 3 $ o) - R P . B0 5 Qfva
durmg 30-min p(ll()d puhl-l‘..()R or -EOH. N I 0.05 for the h)‘“ Percentage of fatahties dving before their core temperatures returned to base hne
dent ¢-test between mean of run vs. mean of heated rats. P < [ {Percentage of fatalities dving after their core temperatures returned to base
0.05 for the Student ¢-test between mean of survivors vs. mean of  line (40 4°C) during an observation period § Percentage of fatalities dving overmight
fatalities. from 16 to 22 h after running or heating
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DISCUSSION

The extent to which direct thermal injury and work-
related factors combine to produce the pathophysiology
of fatal heatstroke has not been experimentally defined
due to the lack of an appropriate model. The widely held
belief that cessation of sweating is a cardinal sign of
heatstroke (22) has a priori prevented the use of non-
sweating animal models. Although there is considerable
evidence that a breakdown of heat dissipating mecha-
nisms and a lack of sweating may precipitate heatstroke
(4, 5, 20, 23, 37), there are also numerous reports of
heatstroke accompanied by profuse sweating (14, 26, 30-
32, 38). The more general concept that either damage or
overload to a heat dissipating mechanism can result in
excessive body temperature and heatstroke (34) has re-
sulted in the development of both rat and dog models (7,
17, 29). The purpose of this research has been to refine
the use of the rat model as a research tool and to
measure the extent to which work factors contribute to
heatstroke death.

In their recent review on heatstroke (33), Shibolet et
al. have emphasized that the effect of heat, like other
physical agents, is determined by both its intensity and
duration. This concept was employed by Shapiro et al.
(29) in developing a dog heatstroke model. Thermal load
was measured as the area, in degree-minutes, of core
heating above an assigned base line of 43°C. The choice
of base line is determined by the minimum observed
lethal temperature. In our experience, this temperature
for rats is near 40.4°C. The superior resolution of this
measurement over either the duration or the intensity
of hyperpyrexia is seen in Table 1. These results provide
experimental evidence that both the incidence of mor-
tality as well as the survival time (Table 4) can be
predicted from the severity of the heat stress measured
in degree-minutes. Thus, any attempt to limit either the
intensity or duration of the hyperthermia should reduce
the death rate. This has been clearly demonstrated in
South Africa, where the incidence of fatal heatstroke
was reduced by the early application of therapeutic
cooling (40). However, Table 1 also shows a 10-fold
difference in hyperthermic area between the run-ex-
hausted rats of group 1 and the run-exhausted rats of
group 5. Obviously, certain animals can withstand tre-
mendous heat stress before collapsing whereas others
-annot. Since, in both cases, exhaustion is the end
point, these results indicate why in some cases the most
fit, highly motivated individuals often suffer the sever-
est heat injury (18, 32). Under these circumstances, the
point of collapse does not ensure similar chances of
survival amongst different individuals. Furthermore,
there is a small percentage of the population that will
succumb to low heat loads (group 1) and, conversely, a
small group that can withstand twice the thermal load
that is lethal to 75% of the population (group 5 vs.
group 4).

In this regard, recent reviews (18, 33) have com-
mented on the difficulty in defining exactly when body
temperature is “too high,” what degree and duration of
hyperthermia produces injury, and, by inference, what
is the associated risk. For example, Carson and Webb
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(8) described 14 cases of heat illness in fit, young Eng-
lish soldiers following sustained physical effort. Sweat-
ing was noted in nine patients, five were considered to
have suffered heatstroke and yet the earliest recorded
body temperatures averaged only 39.8 + 1.3°C. In the
rat, as in man (25), a core temperature of 40.4 C or
higher can be lethal to some individuals. Although in
the run-exhausted animal there is good agreement be-
tween core temperature and mortality rates, this is a
special casé. In the sedentaryv-heated condition, it is
only the amount of body heating in degree-minutes that
defines the incidence of mortality. Thus, in reality,
elevated core temperatures only describe a zone of po-
tential danger and surely, ignoring cases of borderline
hyperpyrexia, will result in unexpected deaths. This is
especially true if the duration of the hyperthermia is
unknown and work is a factor.

The ability to compare individual susceptibility to
heat-induced mortality based on the degree and dura-
tion of hyperthermia has produced two new insights.
First, examination of Fig. 3 emphasizes the existence of
both heat-sensitive and heat-resistant animals over the
entire range of comparable thermal exposures. These
data and the pattern in survival times described in
Table 3 suggest that the pathophysiclogy of fatalities in
group 1 might be different from that in group 5. Fur-
thermore, by this method of retrospective analysis and
by comparing group I and group 5 survivors, it should
be possible to determine which noneritical biochemical
or physiological factors increase with thermal load inde-
pendently of mortality rates. Conversely, by examining
group 1 mortalities, it should be possible to determine
which vital biochemical or physiological factors change
rapidly in some susceptible individuals with a low ther-
mal load. Thus, it should be possible to carry the analyv-
sis of heatstroke bevond the dose-response relationship
indicating “how many” could die to the point of resolv-
ing for the clinician “who" could die and why.

Second, as recently reviewed (33), temperatures suffi-
cient to produce heatstroke can be reached 1) actively by
physical exercise: 2) passively, by gaining heat from the
environment; 3) following deterioration of heat dissipa-
tion; or 4) by a combination of these. However, as pre-
sented in the introduction, when the reactive hyperemia
of work is added to the burden of superficial dilatation
provoked by hyperthermia, an intense splanchnic vaso-
constriction must occur or shock would intervene. As
shown by the mortality data in Fig. 2 and Table 1, this
combination of heat plus work is much more dangerous
at low, comparable thermal loads than 1s acute exposure
to excessive heat at rest. The proposed series of events
leading to profound peripheral vascular collapse under
these conditions has been described by Daily and Harn-
son (9). In this regard, the cooling rate of run-exhausted
survivors (Table 3) is significantly less than restrained-
heated survivors. This may indicate an increased rate of
heat production or, more likely, serious impairment of
cardiovascular function in heat dissipation mecha-
nisms,

Additionally, with this model it seems possible to
evaluate the work component of heat illness in a way
consistent with the hyperthermic area concept of ther-
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mal stress. The difference in thermal areas (40.4°C to
EOH or EOR, Table 2) in degree-minutes (heated minus
run) within each group of Table % :s an estimate of the
thermal equivalency of work stress. Since no fatalities
occurred below a core temperature at exhaustion of
40.4°C, only work done above this threshold core tem-
perature should be relevant to the calculation of a de-
gree-minute per kilogram-meter factor. The value of
this ratio under these experimental conditions was cal-
culated to be 0.44 + 0.11 deg-min/kg-m of work above a
core temperature of 40.4°C. The use of this factor may
allow the direct addition of work stress, expressed in
degree-minutes, to the thermal stress in order to predict
and test their combined effects on mortality rates or
tissue injury in various experimental paradigms.
Finally, caution demands that this experimental at-
tempt to quantitate and define the cause of heartstroke
death must be regarded, simultaneously, as a toxicolog-
ical approach to the lethal interactions of multiple envi-
ronmental and physiological stressors. In reality, these
dose-response curves represent a hierarchy of stress
effects combining electrical stimulation, exercise to ex-
haustion and hyperthermia on the one hand, and re-
straint and hyperthermia on the other. Although it is
recognized that restraint, per se, is a stressor (13, 21),
we have never observed death within 24 h as a result of
short-term restraint alone. Likewise, animals exercised
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